Introduction
In microfluidic devices, the flow focusing technique provides a particularly effective means of controlling the passage of chemical reagents or bio-samples in a microchannel network.
Hydrodynamic and electrokinetic focusing techniques are two popular flow focusing techniques. Stiles et al. [1] proposed a simple method to focus the sample stream by using either a single suction pump or capillary pumping effect. The focused stream width was controlled by varying the relative resistances of the side and inlet channel flows. Precise control of the focused sample stream width is crucial for different applications. For example, in cell counting and sorting applications performed in micromachined-based flow cytometers, the width of the focused stream should be at the same order of magnitude as that of the cell size [2, 3] . In addition, several studies [4] showed that the focused sample stream can be precisely guided and positioned by adjusting the relative flowrates of the two neighboring sheath flows. Lee et al. [4] applied flow focusing to develop various valveless microflow switches. However, the disadvantage of the proposed designs for pressure driven flow required a high flowrate ratio between the sheath and sample fluids to move the interface location or to switch the sample fluid. More recently, electroosmotic force was introduced to achieve switching [5, 6] .
Since the surface-to-volume ratio in microscale is large and electroosmotic flow (EOF) is governed by surface charge, EOF would be more efficient than ordinary pressure driven flows [7] . This feature was exploited by EOF pumps. EOF pumps are popular since they contain no moving parts and are relatively easy to integrate in microfluidic circuits during fabrication [8] .
Lin et al. [9] reported a numerical model for electrokinetic control, which can adjust the volume of the sample fluid. Fu et al. [10, 11] presented experimental and numerical results of electrokinetic flow injection. By applying different voltages at different parts of the channel, the sample fluid could be directed into a specific outlet channel. Gao et al. [12, 13] derived the analytical solution of velocity profile and flowrate of two-liquid flow in microchannel which was driven both by electroosmotic force and pressure gradient.
While most of the previous theoretical studies mainly consider pressure alone for the threefluid flow [4, 14] or the combined effects of pressure gradient and electro-osmosis for two-liquid flow [12] , there is few models to discuss about the focusing effect which takes into account of the combined effects of pressure gradient and electroosmosis. The present work proposes a theoretical model of three-fluid flow under conditions of electroosmosis, pressure gradient and the surface charge at the interfaces. Fig. 1(a) shows the model of the three-fluid flow, two fluids (fluids 1 and 3) are conducting fluids with high electroosmotic mobility, while the focused fluid (fluid 2) is non conducting with a low electroosmotic mobility. For a given pressure gradient, different electric fields are applied across the conducting fluids, electroosmotic forces will be generated and the velocity of conducting fluids can be regulated depending on the directions and the strength of the applied electric fields. The fluid with low electroosmotic mobility is focused and delivered by the interfacial viscous force of the conducting fluids. This paper aims to provide a theoretical analysis of the three fluids driven by the combined electroosmosis and pressure gradient. Analytical solutions of the EDL in the conducting fluid and velocities of three fluids are obtained in the fully developed section in a rectangular channel.
The flow of the three fluids depends on the coupling effects of the three fluids which involve the pressure gradient and electrokinetic driven forces and the interfacial phenomenon. The model accounts for surface charges at the two liquid-liquid interfaces.
Theoretical model

Electric double layers in the conducting fluid and surface electric charges at the interface
To analyze the system proposed above, a Cartesian coordinate system (x, y, z) is used where the origin point, O, is set to be at the centre of the non conducting fluid and the symmetric line is shown in Fig. 1 In the above discussion of electroosmosis, the charge state of the surface is described in terms of surface potential at the shear plane, which is identified by the zeta potential [17] . This surface potential is related to the charge density at the surface [18] . From electrostatics, the normal component of the gradient of the electric potential, ψ, jumps by an amount proportional to the surface charge density, . That is It is assumed that the gradient of electric potential in the non conducting fluid vanishes. Using the reference surface charge density as , we obtain the dimensionless surface charge densities at the liquid-liquid interface as for the surface charge at interface 1-2, and
The solutions of Eqs. (11) and (12) show that the contributions of zeta potential at the top/bottom walls, , are relatively small and the contributions of side walls, are also relatively small except when z approaches to w. The volumetric net charge density, Eq. (4), and the interface charge density, Eqs. (11) and (12), are required to determine the electrostatic force caused by the presence of zeta potential. The bulk electrostatic force is considered as an additional body force exerting on the conducting fluid in the conventional Navier-Stokes equation. Therefore, the conducting fluids are under the action of pressure gradient, electrostatic force and the viscous shear force at the interface. Similarly, the non conducting fluid flows as a result of the pressure gradient and the external electrostatic force due to the electrokinetic charge density at the interface, which will be discussed in the following section.
Momentum equations of the three-fluid flow
The dimensionless momentum equation for an incompressible Newtonian liquid is given by
To evaluate the electrokinetic effects, our model assumes that the flow is formed by three simple immiscible Newtonian liquids with constant viscosities, which are independent of shear rate and the local electric field strength. The model assumes:
(1) All the three liquids are Newtonian and incompressible.
(2) The properties of the liquids are independent of local electric field and ion concentration. The electric field strength and ion concentration may affect the properties of the conducting fluids. In the current study, these effects are neglected [19] . The shear stress balances, which jumps abruptly at the interface due to the presence of a certain surface charge density,
Here y is the direction normal to the interface of the two liquids. As planar interface is assumed, the normal direction of interface is along the y-direction. The dimensionless matching conditions become where .
In the rectangular-cross-section channel, the dimensionless boundary conditions for fluids 1, 2 and 3 are respectively, Due to linearity, the velocity of the conducting fluids and of the non-conducting fluid in Eqs. The detailed mathematical derivation of the coefficients is presented in Appendix B.
Results and discussion
In Section 2, the analytical solutions of three fluids driven by electro-osmosis and pressure gradient are obtained. In the three liquids, the two conducting fluids hold the upper and bottom parts, and the non conducting fluid holds the middle part of the rectangular channel. Many methods for determining the zeta potentials at the wall and at the interface were proposed previously [15] . The zeta potentials at the channel walls, ξ 1 , ξ 2 , ξ 4 and ξ 5 depend on the material properties of the wall and the ionic properties of the fluid [5] . The zeta potential between two immiscible liquids does not only depend on the ionic properties of two fluids, but also on the pH and the concentration of the electrolyte [21, 22] .
EDL potential in conducting fluids
The dimensionless parameter K is defined as K = κD h to evaluate parameters affecting EDL profiles. 1/κ refers to the characteristic thickness of the EDL. As the Debye-Hückel parameter is proportional to the square root of the bulk ionic concentration n 0 , the variation of the ionic concentration will alter the EDL thickness. In this analysis, the concentration of the two conducting fluids is in the range of 10 -6~1 0 -5 M, therefore, the bulk concentration n 0 = 6.022 x 10 20 ~ 6.022 x 10 21 m -3 and the EDL dimension parameter K = 87~
275. The EDL profiles are shown in Fig. 2 where K = 87 (1/κ≈300nm) and K=275(1/κ≈ 97nm).
It shows that the value of K controls the dimensionless EDL thickness: a larger value of K corresponds to a thinner EDL.
In Fig. 1(a) Because the viscosity ratio is small, the flow resistance of the non conducting fluid is also small.
Three-fluid electroosmotic flow
Thus, the non conducting fluid can be driven with less flow resistance as shown in Fig. 3(a) .
When the viscosity ratio is higher, the flow resistance of the non conducting fluid is higher, resulting in a steeper velocity gradient at the interface of the conducting fluids.
From Fig. 4 , when both pressure gradient and electric field are applied, the three liquids are driven by electroosmotic body force and pressure gradient. For a given pressure gradient, the velocities and flowrates of the three liquids depend only on the applied electroosmotic force.
Effect of the applied electric field on velocity profile
Figs. 4-7 show the dimensionless velocity profiles at the symmetric line of the three fluids driven by the combined electroosmosis and pressure gradient. In the analysis, α 1 = α 3 = 0.29, α 2 = 0.42 and equal applied electric fields E x1 = E x3 are specified.
The effect of applied electric fields on the dimensionless velocity profile is shown in Fig. 4 .
The results indicate that for a given pressure gradient, the velocity profile of the three-fluid With zero pressure gradient ( =0), the flow is simply a three-fluid electroosmotic flow .
Effect of pressure gradient, , on velocity profile
The velocity u increases with the applied pressure gradient as shown by the linear combination of the electroosmotic profile , and the pressure-driven profile up. At a high pressure gradient, the electroosmotic flow effect becomes weaker.
Effect of viscosity ratio, β 2 , on velocity profile
The flow characteristics depend on the coupling effect of the three fluids which involve the electrokinetic phenomenon of the conducting fluids and the interfacial stresses at the interface of adjacent fluids. To investigate the effect of viscosity ratio between the three fluids, the value of β 3 = 1 is set to be a constant, whereas, β 2 are chosen to vary. Fig. 3(b) shows the dimensionless velocity profiles at the symmetric line at =1000, E x1 = E x3 = 10 V/ cm, and different viscosity ratios β 2 of 0.5, 1, 2 and 3 respectively. The velocity profiles of the three-fluid strongly depend on the viscosity ratio, β 2 . For a given pressure gradient and applied electric fields, if the viscosity ratio β 2 decreases, the non conducting fluid can be driven with less flow resistance.
The comparison between theoretical analysis and the published two-fluid experimental data [24] is shown in Fig. 8 . To simulate the flow, a infinite viscosity of , is assumed which make the conducting fluid 3 resemble that of the channel wall. Hence we can compare our theoretical analysis with the two-fluid data. Our results agree well with the published experimental data. 
4.Conclusions
In this paper, we presented a theoretical model of the pressure driven three- 
